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We recently described (1 ) the use of internal controls that consist of internal control oligonucleotides (ICOs) that contain little more than primer sites and a probebinding site that contains mismatches to the actual target. ICOs can be obtained commercially and do not require a separate control-specific detection probe. Because of the mismatches, the control does not hybridize to the single detection probe during the fluorescence-acquisition step, and thus the probe binds and detects only nucleic acid derived from the pathogen. However, amplification of the ICO can be verified during melting analysis after PCR.
Many important viral pathogens contain an RNA genome that must be transcribed to cDNA before amplification. To provide a control for both reverse transcription and amplification, an internal control must be an RNA molecule. The standard method for generating such a control involves directional cloning of a double-stranded DNA template into a plasmid vector carrying bacteriophage RNA polymerase promoter sequences. The RNA is then transcribed in vitro from the DNA template (2, 3 ) .
We have extended the ICO technique to RNA by introducing an RNA polymerase promoter and adding 2 simple preparation steps. We demonstrate the application of this control technique to the reverse transcription-PCR (RT-PCR) step of a LightCycler (Roche Molecular Biochemicals) real-time hybridization probe assay for respiratory syncytial virus (RSV).
The sequences of the primers and probes for the RSV assay were 5Ј-GCCAAAAAATTGTTTCCACAATA-3Ј, 5Ј-TCTTCATCACCATACTTTTCTGTTA-3Ј, 5Ј-CY5.5-GGA-ATTCACATGGTCTACTACTGACTGT-phosphate, and 5Ј-GTTGTTCTATAAGCTGGTATTGATGCA-fluorescein-3Ј (4 ). The 2-step LightCycler (Roche) RT-PCR was performed as follows. For the reverse transcription step (total volume of 10 L), the reaction mixture consisted of 1.5 mM MgCl 2 , 2.5 M random hexamers, 25 U of Moloney murine leukemia virus reverse transcriptase (Applied Biosystems), 10 units of RNase inhibitor, 1 mM 1,4-dithiothreitol, and 0.1 mM each of the deoxyribonucleoside triphosphates in 1ϫ GeneAmp PCR buffer II (Applied Biosystems). After the RNA template (5 L) was added to the mixture, the reverse transcription reaction mixture was incubated for 10 min at 25°C, followed by 30 min at 42°C and 5 min at 99°C. PCR and melting analysis were performed on a LightCycler (Roche). Each glass capillary contained 20 L of the reaction mixture, which included 10 pmol of each primer, 4 pmol each of the anchor and detection probes, 4
L of LightCycler-FastStart DNA Master Hybridization Probes PLUS (Roche), 0.2 L of LightCycler uracil DNA glycosylase (Roche), and 5 L of cDNA. An initial 10-min incubation at 40°C allowed uracil DNA glycosylase to remove any traces of remaining double-stranded DNA control oligonucleotide (if not totally removed by the DNase step during RICO production; see below) and any carryover PCR contaminant. The next incubation, at 95°C for 10 min, denatured the DNA and activated the Taq polymerase. Amplification was done in 45 thermal cycles (95°C for 0 s, 55°C for 10 s, and 72°C for 20 s), with a ramping rate of 20°C/s. Fluorescence was measured during each 55°C stage. After amplification, the instrument performed a melting analysis by heating the capillary at 95°C for 0 s, incubating it at 45°C for 30 s, and then slowly (0.2°C/s) heating it to 75°C. Fluorescence was measured continuously during the melting experiment. To convert melting curves to melting peaks, the LightCycler software (Ver. 4.0; Roche) calculated the negative derivative of each fluorescence measurement with respect to the temperature (ϪdF/dT), then plotted ϪdF/dT against temperature for the entire melting experiment.
Production of an RNA internal control oligonucleotide (RICO) is outlined in Fig. 1A . The initial synthetic oligonucleotide basically contained only the primer-and probe-binding regions of the target. It was designed as described for the ICO technique (1 ), the only difference being the addition of a T7 RNA polymerase promoter sequence to the 5Ј end of the oligonucleotide (Fig. 1A, PR) . The sequence of the oligonucleotide, synthesized and HPLC-purified (Metabion), was 5Ј-CCAAGCTTCTAAT-ACGACTCACTATAGGGAGAGCCAAAAAATTGTTTC-CACAATAACAGTCAGTAGTAGACCATGTGAATTCC-CTGCATCACTACCAACTTATAGCACAACGTATTAA-CAGAAAAGTATGGTGATGAAGA-3Ј. The T7 promoter region (5, 6 ) and mismatches introduced into the binding site of the detection probe are underlined. The ICO was dissolved and diluted to 5000 copies/L. To obtain a double-stranded template for T7 transcription, 1 L of the ICO was used in a LightCycler (Roche) PCR amplification with a forward primer specific for the T7 promoter region (5Ј-CCAAGCTTCTAATACGACTCACTA-3Ј) and the RSV-specific reverse primer (4, 7, 8 ) . PCR was performed as described above. If the desired control-specific melting peak is not obtained in this step, the PCR product should be checked by agarose gel electrophoresis and sequencing.
The PCR product was purified (QIAquick PCR Purification; Qiagen), and ϳ50 ng of the PCR product (estimated by comparison with the size marker used in the agarose gel electrophoresis) was transcribed with T7 RNA polymerase. The 20-L transcription mixture included 2 L each of the ribonucleoside triphosphates (containing 10 mmol/L each of ATP, CTP, TTP, and GTP), transcription buffer, and T7 RNA polymerase (20 U/L; Roche), along with 1 L of RNase inhibitor (20 units/L; Applied Biosystems). The mixture was incubated at 37°C for 2 h. The transcript was diluted 10 Ϫ4 in RNase-free water, and 10 L of diluted transcript was digested with 5 L of DNase I (3 U/L; RNase-Free DNase Set; Qiagen) for 30 min at 25°C in a total volume of 100 L that included 10 L of RDD buffer (RNase-Free DNase Set; Qiagen) and 5 L of RNase inhibitor (Applied Biosystems). After the digestion, the mixture was incubated for 3 min at 90°C and stored in aliquots at Ϫ20°C as RICO stock solution. The amount of RICO to be used in an assay should be as low as possible to minimize competition with target, particularly in low-titer samples, and to detect even weak inhibition. The optimal amount of RICO for the RSV assay was determined in a 2-step LightCycler RT-PCR with different dilutions (10 Ϫ3 -10 Ϫ7 ) of the RICO stock solution. Reverse transcription and PCR were performed as described above. Because the RICO is designed to be undetectable under the PCR conditions for the RSV assay (see above), the annealing temperature for this experiment had to be decreased to 45°C. To verify that the control was pure RNA, free of residual control DNA, the 10 Ϫ3 dilution of the RICO stock solution was tested both with and without reverse transcriptase. No increase of fluorescence was seen in the absence of reverse transcriptase (data not shown). Even a 10 Ϫ7 dilution produced a RICO-specific fluorescence signal, but it was weak and occurred very close to the end of the amplification process (data not shown). We therefore used the 10 Ϫ6 dilution to ensure a stable RICO signal. The diluted RICO was stored in small portions, which were used only once.
To determine the influence of the RICO on assay sensitivity, we assayed a dilution series of RSV RNA with and without RICO. There were no substantial differences in the crossing points observed (data not shown).
To mimic inhibition of the reverse transcriptase step, we used decreasing concentrations of reverse transcriptase to assay the same amount of RNA (2.5 L of RSV RNA and 2.5 L of the RICO). With undiluted reverse transcriptase, the RT-PCR produced a real-time fluorescence signal (Fig. 1B, upper panel, line 1 ) as well as RSV-specific and RICO-specific melting peaks (Fig. 1B,  lower panel, line 1) . With a 1:10 dilution, it produced a fluorescence signal with a markedly higher crossing point (Fig. 1B, upper panel, line 2) , demonstrating that partial inhibition of reverse transcription can strongly influence quantification of RNA templates. This assay did not produce a RICO-specific melting peak (Fig. 1B, analysis (Fig. 1B, lower panel, line 3 ) confirmed that the result obtained in reaction 3 was a false negative.
In the experiments of this study, the RICO was added to the reverse transcription mixture. It is possible to coextract the RICO with the sample RNA to control for the extraction procedure. In this case, however, careful validation is necessary: because of the small size of the RICO, its extraction efficiency might be low or variable depending on the method used. We have noticed these effects when using Qiagen columns for RNA extraction.
In summary, we have developed a simple, inexpensive method that allows laboratories to produce their own RNA controls. Sufficient RICO for millions of RT-PCR assays can be produced from a synthetic oligonucleotide in Ͻ5 h with little hands-on time. The RICO technique could be applied to many real-time amplification protocols that use a probe format and an instrument that can perform a melting-point analysis after amplification. Because the method does not require a second, controlspecific probe, it conserves detection channels on the real-time amplification instrument and reduces reagent costs. Because of some difficulty in titrating the amount of RICO needed for reliable detection of partial inhibition of the reverse transcription step, however, a separate probe should still be used to detect the RICO during amplification in quantitative RT-PCR assays.
